Introduction
The relative contributions of chronic cerebrovascular disease and peri-operative stressors in generating post-operative cognitive decline following cardiac surgery are incompletely understood. Previous MRI studies of brain injury following cardiac surgery have focused primarily on identifying acute ischaemic lesions using DW-MRI. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Acute ischaemic changes are visible in 32% of patients using DW-MRI 1 and new chronic ischaemic lesions are found in approximately 13% of patients. 13 Some studies report an association between the presence, size or number of new acute lesions and post-operative cognitive decline, 3,9 while others do not. 2, 7, 11, 13 Lesions typically consist of multiple, small round, lesions whose radiographic appearance is strongly suggestive of embolisation. 3, 5, 7 However, few studies have attempted to quantify the accumulation of new ischaemic injuries against a backdrop of chronic pre-existing cerebrovascular disease. Since cognitive impairment is often transient, and new lesions can also occur without any discernable decline in cognition, whether new ischaemic lesions adversely affect cognition remains unclear.
This is the first study to use 3-T FLAIR MRI to assess the relative contribution of new ischaemic lesions to pre-existing cerebrovascular disease in patients undergoing cardiac surgery. We also perform neuropsychological testing at the same time points as the MRI scan to investigate whether the presence, number, or volume of new lesions significantly alters cognition. Only two studies have previously used FLAIR to detect lesions in conjunction with postoperative neuropsychological assessment. 4, 13 Lund et al. (2005) detected new lesions (>2 mm) in 9 of 52 (17%) of patients at 3 months post-operatively using 1.5-T FLAIR and found a correlation between new and pre-existing lesions, but as cognitive decline had resolved at 3 months no association was observed between post-operative lesions and cognitive decline.
13
Argarwal (2010) studied 10 CABG patients using 1.5-T FLAIR, but, none of their patients developed either new MR lesions or cognitive decline so the results were inconclusive. 
Anaesthetic and surgical procedures
Routine perioperative care was given to all patients, and there were no specific alterations to standard surgical practice. Cold crystalloid cardioplegia was used, and anaesthesia management consisted of a combination of isoflurane, propofol, midazolam and fentanyl.
Body temperature was measured every 3 minutes with a nasal pharyngeal temperature probe.
Non-pulsatile cardiopulmonary bypass (CPB) was implemented using a with a non-occlusive roller pump with a target CPB perfusion pressure above 50 mmHg. The CPB circuit contained a membrane oxygenator and 40 µm arterial line filter. Arterial blood pressure targets during surgery were based on usual clinical practice.
Neuropsychological assessment
Neuropsychological tests were performed 1-2 weeks before surgery and 6-8 weeks postoperatively at the same time points as the MRI scans. Our test battery included two tests recommended by the Statement of Consensus on Assessment of Neurobehavioral Outcome 
Magnetic Resonance Imaging
All MRI examinations were conducted using a 3-T whole body scanner (Magnetom Skyra, To distinguish chronic lesions from acute ischaemic changes both MR-FLAIR and DW images were presented to a qualified neuroradiologist who was blinded to the results of neuropsychological assessments. Chronic ischaemic changes were then characterised through registration and subtraction of pre-and post-operative FLAIR images using 'in house' software written in Java ( to a standard MRI brain atlas, 21 and new lesions were segmented and displayed using the atlas as reference for the 3-D display.
Statistical analysis
Statistical analyses were performed using a statistical software package (Statistical Product and Service Solutions, SPSS, version 20.0, SPSS Inc., IL, USA). Differences with a p-value of <0.05 were assumed to be statistically significant. Tests for normality were performed using the Kolmogorov-Smirnov test. Data are presented as mean ± SD, unless stated otherwise. The distribution of lesions between left and right was analysed using a binomial test assuming a null hypothesis that lesions were distributed equally between hemispheres.
Differences in average dimensions of lesions between the left and right sides were assessed using Student's t-test.
Individual neuropsychological test scores were first converted to z-scores through comparison
with published data describing the mean (X) and standard deviation (SD) of test scores measured from a population of healthy subjects:
Post-operative z-scores were then subtracted from preoperative z-scores to calculate the pairwise change in z-score; a significant decline in cognition was assumed if there was a drop in z-score of more than 1 SD from baseline. For timed tests (Trail Making A/B and Grooved Pegboard tests), the sign of the z-score was reversed so that improved performance corresponded to a positive z-score. In addition to calculating the z-score change for each individual test, z-scores were summed and averaged to quantify the overall cognitive performance of each patient as a 'composite' cognitive performance score. A 3-dimensional representation of the overall distribution of new MRI lesions, created by superimposing data from the 24 patients with changes following surgery, is presented in panels 3(a) and (b). The majority of new MRI lesions were located in the middle cerebral artery (MCA) territory (64%), followed by the anterior cerebral artery (ACA) territory (13%), posterior cerebral artery (PCA) territory (13%), superior cerebellar artery (SCA) territory (5%), and lateral lenticulostriate artery (LLA) territory (5%), Fig. 3 depression. The incidence of cognitive decline in our study population was 46%, which was independent of the presence of new lesions, and irrespective of whether new lesions were large or multiple. There was no association between declining z-score and the presence of new MR lesions (indicated by the filled circles in Fig. 4) . Grouping patients by neuropsychological outcome showed similar demographic and surgical factors between groups with the exception of increased age (t-test, p= 0.022) and aortic stenosis (χ 2 test, p= 0.042), which were both higher in patients with cognitive decline, and there was no association between having multiple new lesions and greater magnitude of decline in the composite z-score (t-test, p=0.6). had completely resolved at 3 months, and therefore no association between new lesions and neuropsychological impairment could be observed. 13 The second smaller study by Agarwal et al. used FLAIR imaging and neuropsychological assessment at 4-6 weeks, but since none of their patients showed any signs of neuropsychological deficit or new MRI lesions, the results were inconclusive. 4 In this study, the higher resolution afforded by MRI at 3 Tesla, coupled with subtraction of 'before' and 'after' FLAIR images, provides a highly sensitive means of detecting small ischaemic lesions and distinguishing new lesions from old.
Our study reveals the extent of pre-existing cerebrovascular ischaemic lesions in patients undergoing cardiac surgery. Our data suggests that new lesions acquired peri-operatively add a negligible burden to the brain in comparison to existing cardiovascular disease. Our estimates suggest that ~1-2 % of total brain volume is typically affected by pre-existing ischaemic white matter disease prior to surgery. New lesions acquired peri-operatively make up less than 3% of the total burden of ischaemic white matter disease post-operatively, and contribute less than 0.1% to the total volume of pre-existing lesions. This may explain why previous studies, focusing purely on the detection of acute ischaemic lesions, have failed to find a link between new lesions following surgery and cognitive decline. In fact, we were unable to detect any discernable impact on cognitive tests results associated with either preexisting or new lesions.
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A second major finding of our study was that patients with pre-existing disease identified preoperatively using MR-FLAIR were at exceptionally high risk of developing new lesions postoperatively. Patients with pre-existing lesions were ten times more likely to experience new lesions post-surgery than patients without pre-existing disease. These findings agree with those of Lund et al. (2005) who found an association between pre-existing and new lesions in 54 patients undergoing CABG with CPB.
A third important finding of our research is that post-operative lesions identified by 3-T FLAIR MRI are more prevalent than previously thought, and can be found in approximately a third (31%) of patients at 6-8 weeks following surgery. Our higher detection rate is most likely due to the use of digital subtraction to help confidently identify ischaemic changes, and higher resolution afforded by 3-T MRI.
Our study also finds that new MRI lesions and cognitive decline are independent. The incidence of cognitive decline was 46% regardless of the presence, number, or size or new lesions, and the proportion of patients with MRI lesions was 31% irrespective of cognitive status. The incidence of cognitive decline of 46% observed in our patients at 6-8 weeks was similar to that reported by other studies using similar criteria (paired z-score analysis with 1 SD as significant). 26 In previous research, the incidence of neurocognitive impairment ranged from 0 to 50% when measured between 1 and 3 months following surgery and has been found to be related to multiple risk factors, including age, pre-existing white matter disease, pre-existing cognition, and complexity of surgery. 27 Our findings confirm that older patients with aortic stenosis are more likely to suffer post-operative neuropsychological impairment (Table 2) .
A strength of our study include higher resolution afford by 3-T MRI and larger sample size (compared to the majority of previous MRI studies). Digital registration and subtraction of which larger pieces of emboli debris travel along the brachiocephalic artery, which emerges first from the ascending aorta and is consistent with a tendency for larger emboli to take a preferred trajectory that disproportionately favours major vessels. 28 In future work, pre-operative MRI assessment may be useful for identifying high-risk patients for targeted intervention to reduce embolisation of atheromatous debris during surgery. A deeper understanding of complex interactions between perioperative stressors and chronic cerebrovascular disease will also be beneficial in gaining further insights into the causes of brain injury during cardiac surgery toward personal risk stratification and intervention.
Conclusions
In summary, patients undergoing cardiac surgery often have extensive pre-existing ischaemic 
